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Abstract  
 
      A midlatitude oceanic frontal zone is a confluent region of warm and cool ocean currents, 
characterized by strong meridional gradient in both sea-surface temperature (SST) and surface-air 
temperature (SAT). Though narrow in its meridional width, the potential of the frontal zone has 
been recently recognized to exert thermodynamic impacts actively on the tropospheric general 
circulation, which essentially differs from the passive nature of other portions of the midlatitude 
ocean basins. Recent observational and modeling studies indicate that a “stormtrack”, where 
migratory cyclones and anticyclones recurrently develop, and a midlatitude westerly (polar front) 
jet (PFJ) in the climatological-mean state form along a midlatitude frontal zone, where tight SAT 
gradient energizes weather disturbances. Nevertheless, potential impacts of an oceanic frontal zone 
on the “annular mode”, the dominant low-frequency variability in the extratropical troposphere 
manifested as the latitudinal displacement of PFJ, has been overlooked except that elimination of 
frontal SST gradient in an atmospheric general circulation model (AGCM) can weaken the 
wintertime annular mode variability by distorting its meridional structure. 
      As a response to the springtime formation of the “ozone hole” and associated stratospheric 
cooling over Antarctica due to anthropogenic ozone depletion in the late 20th century, a statistically 
significant trend in the tropospheric circulation has been observed extensively over the summertime 
extratropical Southern Hemisphere (SH). The trend is characterized by the intensification of the 
westerlies whose distribution is congruent with the Southern Annular Mode (SAM). Nevertheless, 
potential impacts of the midlatitude oceanic frontal zone in the Southern Ocean on the tropospheric 
SAM and the troposphere-stratosphere dynamical coupling via SAM have been overlooked and thus 
few studies have been conducted comprehensively. 
      The purpose of the present study is to explore the possible impacts of midlatitude oceanic 
frontal zones as mentioned above on the formation and variability of the extratropical tropospheric 
general circulation. To mimic the SH, sets of idealized “aqua-planet” experiments have been 
conducted with zonally symmetric distributions of SST prescribed globally at the lower boundary of 
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a given AGCM. By systematically changing the latitude and intensity of the frontal gradient in the 
SST profile, the aqua-planet experiments have been conducted with the aim of clarifying various 
impacts that a midlatitude oceanic frontal zone can actively exert on tropospheric wave disturbances 
and thereby on dynamical properties of the tropospheric annual mode and its vertical connectivity 
with the stratospheric variability. 
      The first part of this dissertation investigates how firmly the latitude of oceanic frontal zone 
can define the dynamical characteristics of the wintertime tropospheric annular mode. The 
investigation is through a set of aqua-planet experiments conducted under the perpetual wintertime 
condition. As a zonally symmetric SST field assigned to an AGCM for the control experiment, the 
meridional SST profile observed in the southwestern Indian Ocean is used, which is characterized 
by a prominent SST front at 45°S. Several different SST profiles have been constructed for 
sensitivity experiments by shifting the frontal latitude artificially with 5° intervals or eliminating the 
frontal gradient by raising SST artificially poleward of 40°S. 
      The experiments reveal that the model-simulated meridional profile of the variance of 
zonally symmetric low-frequency variability of PFJ exhibits strong sensitivity to the position of the 
SST front, if situated at midlatitude or subpolar latitude. The sensitivity of the variance distribution 
reflects the characteristics of the wintertime annular mode, which has been extracted statistically 
through an empirical orthogonal function (EOF) analysis as the pattern of zonal-mean zonal wind 
anomalies that can account for the largest fraction of their spatially integrated variance. In the 
positive phase of the annular mode, the PFJ axis exhibits strong sensitivity to the latitude of the SST 
front with an obvious tendency to be situated slightly poleward of the front systematically. The PFJ 
accompanies a stormtrack in the vicinity of the oceanic front, where migratory high-frequency wave 
disturbances are particularly active and their poleward eddy flux of westerly momentum converges 
to maintain the PFJ. Insensitively to the latitude of the SST front, by contrast, the PFJ axis in the 
negative phase of the annular mode is located consistently around 38°S, as is realized without 
frontal SST gradient. The sensitivity of the low-level stormtrack latitude is also weaker substantially 
than in the positive phase. It is thus suggested that in the negative phase of the annular mode the 
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latitudes of the stormtrack and eddy-driven PFJ tend to be determined mainly by atmospheric 
internal dynamics under the negligible influence of the frontal SST gradient. 
      It follows that, at least for the experiments with a midlatitude or subpolar SST front, the 
wintertime annular mode may be interpreted a manifestation of wobble of the extratropical 
tropospheric circulation between two “dynamical regimes” – one under the strong influence of SST 
gradient as the lower-boundary condition, and the other under the strong control by atmospheric 
internal dynamics unrelated to the lower-boundary condition. In fact, meridional gradient of a 
surface turbulent flux of sensible heat across the oceanic front is stronger in the positive phase than 
in the negative phase. This tendency is consistent with the notion that the differential supply of 
sensible heat from the ocean across the front is important for the recurrent baroclinic development 
of transient eddies to form a stormtrack and thereby to drive the PFJ. This interpretation of the 
wintertime annular mode revealed in the aqua-planet experiments has no conflict with an 
interpretation of the annular mode given in the previous studies as a transition between the double- 
and single-jet regimes – one with dual distinct axes of PFJ and the subtropical jet (STJ) and the 
other with the dominant STJ under the diminished PFJ. Rather, the present study has clarified that 
those regimes correspond to the two “regimes” that are realized under stronger and weaker 
influence of an oceanic front on the tropospheric circulation. 
      In the aqua-planet experiments, the transition from one “regime” to another associated with 
the annular mode variability is triggered by low-frequency wave anomalies, which is consistent 
with transition events of the observed wintertime SAM. Typical transitional events are found to be 
triggered by local westerly forcing associated with the emanation of a quasi-stationary Rossby wave 
packet rather than a zonally uniform westerly forcing. Migratory high-frequency disturbances act to 
maintain anomalous westerlies but not act to trigger the polarity change of the annular mode. 
      Furthermore, the interpretation obtained in this study is found insightful about the observed 
inter-basin differences in the wintertime SAM signature that are embedded in the zonally symmetric 
anomalies. The latitudes of the lower-tropospheric westerly PFJ axis averaged separately over the 
individual SH ocean basins tend to be observed consistently around 42°S in the negative phase of 
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the SAM. In its positive phase, by contrast, the PFJ axis in the South Pacific tends to be located 10° 
poleward of those in the South Indian Ocean and South Atlantic, correspondingly to the differences 
in the frontal latitudes. These characteristics of the SAM are in good correspondence to those of the 
annular mode simulated in the aqua-planet experiments, and they are also suggestive of the 
possibility to re-interpret the climatological-mean state observed in the wintertime SH as the 
superposition of the two “dynamical regimes”. 
      Contrastingly, regime-like behavior is virtually absent in the annular mode simulated with a 
subtropical SST front (at 30°S or 35°S), and the mode is manifested as wobble of the PFJ axis from 
its climatological mean. Though not actually observed in the SH, the annular mode in these 
experiments is similar to its counterpart simulated without frontal SST gradient. One of the possible 
factors that may be involved is hampering of baroclinic eddy growth along the subtropical SST 
front under the prevailing descent associated with the Hadley Cell. 
       The second part of the dissertation investigates the potential impacts of a midlatitude 
oceanic front on the stratosphere-troposphere connectivity of circulation variability through another 
set of aqua-planet experiments. Specifically, an assessment is made on how dependent the 
tropospheric circulation response to the anthropogenic ozone depletion as in the Antarctic 
stratosphere can be on the frontal SST gradient. The experiments with the springtime stratospheric 
ozone depletion as observed in the late 20th century demonstrate that the intensification of the 
tropospheric westerlies in summer is realistically reproduced only in the presence of the zonally 
symmetric oceanic front at 45°S as observed in the summertime SH. The tropospheric eddy activity 
responds significantly to the ozone depletion to drive the tropospheric zonal-wind anomalies as 
observed. In contrast, the tropospheric response is virtually absent if the frontal SST gradient is 
smoothed out. The processes through which the intensification of the stratospheric westerlies as a 
direct response to the ozone depletion is translated into the troposphere can be regarded as being 
essentially the same as their counterpart through which the self-excited stratospheric year-to-year 
variability in spring through summer is connected to the tropospheric annular variability. In fact, the 
meridional structure of the tropospheric annular variability simulated with the frontal SST gradient 
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is similar to that of the observed SAM. In contrast, the elimination of the frontal SST gradient 
causes the substantial weakening of both the tropospheric eddy activity and eddy-driven westerlies 
in midlatitude and subpolar regions, resulting in the distortion of the meridional structure of the 
annular mode and thereby the diminishing of its vertical coupling with the stratospheric variability. 
It is thus interpreted that the translation of the ozone-induced intensification of the stratospheric 
westerlies into the troposphere can be propped up by the midlatitude oceanic front through 
activating tropospheric eddies and thus the troposphere-stratosphere coupling through the annular 
mode. While acting to drive tropospheric westerlies in the same sense, the anomalous activity of 
tropospheric eddies as responses to the stratospheric ozone depletion and their anomalous activity 
associated with self-excited year-to-year annular variability is somewhat different, which urges 
further investigation. Nevertheless, this study is the first to reveal the critical importance of a 
midlatitude oceanic frontal zone for the ozone-induced tropospheric climate changes observed in 
the late 20th century, shedding light on the processes involved in the dynamical coupling between 
tropospheric and stratospheric variability via the annular mode, which are still under debate. 
      The present study contributes to fundamental advance in understanding the importance of 
midlatitude oceanic frontal zones for the extratropical atmospheric general circulation. While the 
importance of midlatitude frontal SST gradient has been indicated for the climatological-mean 
stormtrack and PFJ, the present study is the first comprehensive study to elucidate that the frontal 
SST gradient should be taken into account in understanding not only their climatological-mean state 
of the extratropical tropospheric westerlies but also their low-frequency variability, also known as 
annular mode, its vertical connectivity with the stratospheric variability and associated long-term 
trends. These new perspectives make significant contributions to deepening the understanding of 
the fundamental properties of the tropospheric general circulation. They also imply that realistic 
representation of midlatitude oceanic frontal zones in climate models may be required for the 
realistic representation of the tropospheric annular variability, the climatic-mean state and its 
reliable projection. 
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Chapter 1. General introduction 
 
1.1. Tropospheric annular mode 
 
      The extratropical tropospheric circulation fluctuates with various temporal and spatial time 
scales. The fluctuations include subweekly weather disturbances associated with migratory 
synoptic-scale cyclones and anticyclones. More persistent climate variability tends to be associated 
with anomalies on greater horizontal scales. As a typical example, the dominant mode of the 
extratropical tropospheric circulation variability on intraseasonal through interannual scales is 
known to be in zonally symmetric structure, especially in the Southern Hemisphere (SH) (e.g. 
Kuroda and Kodera 1998; Thompson and Wallace 2000; hereafter referred to as TW2000). A 
number of studies have been performed to investigate the zonally symmetric variability, since the 
introduction of the notion of “zonal index cycle” by Rossby (1939). This study was preceded by a 
pioneering study by Exner (1913), who first identified a pattern of sea-level pressure (SLP) 
variability between the Arctic and midlatitude regions with fairly high degree of zonal symmetry. 
Today, this pattern is known as the Arctic Oscillation (AO) (Thompson and Wallace 1998; Wallace 
2000) or the “Northern annular mode (NAM)”, as indicated in Figure 1.1d.  
      Since the study by Kidson (1988), an empirical orthogonal function (EOF) analysis is often 
applied to extract a large-scale anomaly pattern that accounts for the largest fraction of the spatially 
integrated variance of low-frequency variability in pressure or geopotential height. Regression or 
composite analysis based on the principal component (PC) time series derived from the EOF 
analysis is useful for identifying a typical three-dimensional structure of the anomalies of pressure 
and other variables. In the extratropical troposphere, the dominant variability extracted in the first 
EOF represents the meridional fluctuations of the midlatitude westerlies with a high degree of zonal 
symmetry, with the exchange of atmospheric mass between the polar region and midlatitudes  
(TW2000, Figure1.1a, c). Virtually the same anomaly pattern can be extracted through EOF 
analyses applied to the anomalous westerlies, and the extracted pattern is often referred to as the 
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“annular mode” (Limpasuvan and Hartmann 1999; TW2000). TW 2000 pointed out that the 
dominant atmospheric variability in the extratropics is similar between the two hemispheres despite 
distinct inter-hemispheric differences in the zonal asymmetry in the lower boundary condition due 
to topography and land-sea thermal contrasts. Annular modes in the individual hemispheres are thus 
referred to as the “Southern annular mode (SAM)” (Fig1.1c) and NAM (Figure 1.1d) and their 
“positive (negative)” phase corresponds to the periods in which the midlatitude westerly jetstream 
shifts poleward (equatorward).  
      Statistically significant circulation anomalies are observed associated with SAM and NAM 
in largest magnitude in winter (Limpasuvan and Hartmann 2000). Owing to their hemispheric 
extent, NAM and SAM influence climatic conditions over extensive regions in the extratropics 
(Figure 1.2; TW2000; Gillett et al. 2006). Over extratropical regions, for example, anomalies in 
surface air temperature (SAT) tend to be positive in the midlatitudes and negative in the high 
latitudes associated with the positive phase associated with annular mode in both hemispheres, 
although with somewhat stronger zonal asymmetry in NAM due to the zonal asymmetry in the 
lower boundary condition (Limpasuvan and Hartmann 2000).  
      While the NAM anomaly is maintained by the feedback forcing from both anomalous 
activity of synoptic-scale eddies and planetary waves (Limpasuvan and Hartmann 1999, 2000; 
Kimoto et al. 2001; Lorenz and Hartmann 2003; Watanabe and Jin 2004), the SAM anomaly is 
maintained mainly through the anomalous activity of synoptic-scale eddies (Lorenz and Hartmann 
2001). The anomalous convergence of eddy momentum flux near the tropopause associated with 
annular mode arises from the modulations in the latitude of the synoptic-wave propagation and their 
horizontal structure (Yu and Hartmann 1993; Hartmann and Lo 1998; Shiogama et al. 2004).1  
      The positive phase of wintertime SAM represents a double-jet structure with distinct 
separation between the two westerly jet axes, polar-front jet (PFJ) in midlatitudes and subtropical 
jet (STJ), while its negative phase represents a merged single jet structure with the dominant STJ in 
the upper troposphere (Yoden et al., 1987; Yu and Hartmann 1993; Hartmann and Lo; 1998). There 
                                            
1 The anomaly pattern that accounts for the second largest fraction of the variance as extracted in the second 
EOF tends to represent the variability of PFJ strength with little variation in its axial latitude. 
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exists an interpretation of wintertime SAM variability as a regime shift between two different 
quasi-equilibrium states of the tropospheric climate (Yoden et al. 1987; Itoh et al. 1999). Itoh et al. 
(1999) identified dual attractors in the phase space of PC time series as representative of regimes, in 
arguing their correspondence to the double and single jet structures. Nevertheless, the above 
arguments of the “regime-like” characteristic of the observed wintertime SAM are rather 
phenomenological, and in-depth investigation of the dynamics behind the regime-like behavior of 
annular modes is required. For example, while the characteristics of low-frequency NAM variability 
have been understood as modulations in planetary waves (e.g., Kimoto et al. 2001), the same 
interpretation may not necessarily be appreciable to the SAM variability because of the weakness of 
the climatological-mean planetary waves in SH. Rather, it has been pointed out that the phase 
transition of the wintertime SAM may be related to modulated activity in low-frequency wave 
anomalies (Shiogama et al. 2005). 
      The SAM and NAM often couple with the stratospheric variability of the polar vortex 
especially in the stratospheric “active” seasons of December-January-February in the NH and in the 
November in the SH (TW2000). In those seasons the stratospheric zonal wind is westerly, but not 
excessively strong for the upward propagation of planetary waves from the troposphere (Charney 
and Drain 1961). The stratospheric zonal wind anomalies represented as the anomalous polar-night 
jet (PNJ) with a high degree of zonal symmetry often propagate down to the surface (Figure 1.3), 
through the vertical coupling associated with the annular mode variability (Baldwin and Dunkerton 
1999, 2001; Thompson et al. 2005).  
      Recent study has indicated that the meridional structure of the annular mode in the 
troposphere is sensitive to the climatological-mean background state (Eichelberger and Hartmann 
2007). However, the mechanisms for the formation of the climatological-mean circulation, 
especially the eddy-driven PFJ, have not been fully understood yet, which is due to the overlooked 
influence by the midlatitude ocean, as specifically discussed in Section 1-3. Limpasuvan and 
Hartmann (2000) showed through their experiment with an atmospheric general circulation model 
(AGCM) that the annular mode can be reproduced even under such condition that sea-surface 
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temperature (SST) is fixed to the climatological seasonal march. Although they concluded that the 
annular mode arises from the internal dynamics of the atmosphere unrelated to the lower-boundary 
condition, their results do not necessary mean that the midlatitude ocean exerts no significant effect 
on the meridional structure or amplitude of the annular mode. This is because their experiment 
cannot rule out any influence of the midlatitude ocean on the annular mode by shaping the 
climatological-mean state of the PFJ, whose fluctuations are manifested as the annular mode 
variability. It has been pointed out by recent numerical studies (Nakamura et al. 2008; Sampe et al. 
2013) that a midlatitude oceanic frontal zone is potentially important for the PFJ formation and 
thereby both the amplitude and meridional structure of annular mode. Nevertheless, impacts of a 
midlatitude oceanic frontal zone on the characteristics of the annular mode have not been studied in 
depth. 
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Figure1.1. (a,b) Latitude-height sections of Zonal-mean zonal wind anomalies [m/s] and (c,d) geopotential height 
anomalies in the lower troposphere [m] regressed on the standardized (a, c) SAM and (b, d) NAM indices based on the 
monthly-mean NCEP-NCAR reanalysis data from Jan 1958 to Dec 1997. Contour intervals are 0.5 for (a,b) and 10 for 
(c,d). Adapted from Thompson and Wallace (2000). 
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 Figure 1.2. (a). Monthly mean station temperature anomalies [°C] regressed on the standardized SAM index. Only 
those anomalies statistically significant by 90% is colored. Adapted from Gillett et al. (2006). (b). Monthly-mean 
surface air temperature anomalies [°C] regressed upon the standardized NAM index for boreal wither 
(January–February-March). Positive (negative) anomaly is indicated by solid (dashed) line. Contour interval is 0.5. 
Adapted from Thompson and Wallace (2000).  
  
Figure 1.3. Time-height sections showing the NAM index composited for (a) 18 weak vortex events and (b) 30 strong 
vortex events. Day 0 for the weak (strong) vortex events are defined by the dates when the standardized NAM index at 
10hPa crosses –3.0 (+1.5), respectively. The interval for the shading (contour) is 0.25 (0.5). Values between -0.25 and 
0.25 are not shaded. The approximate boundary between the troposphere and the stratosphere is indicated by thin 
horizontal line. Adapted from Baldwin and Dunkerton (2001).
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1.2. Observed climatic trends projected on the Southern Annular Mode 
 
  While the annular mode signature tends to be dominant in intraseasonal/interannual natural 
climate variability over the extratropics, previous studies have revealed that long-term changes 
observed in the tropospheric climate have congruent structure with the annular mode in both 
hemispheres (Thompson et al. 2000; Thompson et al. 2011). In a set of numerical experiments 
(Ring and Plumb 2007, 2008), annular mode is shown to be a preferred response to external forcing. 
In fact, the trends observed in the SH troposphere during the late 20th century were manifested as a 
strengthening of the surface westerlies on the poleward side of their climatological axis and their 
weakening on the equatorward side, corresponding to the phase shift of the SAM its positive 
polarity (Figure 1.4).  
    While the emission of greenhouse gas is considered to be the main driver of the trends in most 
of the seasons, recent observations and numerical studies have indicated that the poleward shift of 
the westerly jet axis in the summertime SH troposphere in the late 20th century was forced through 
the coupling with the stratospheric trend induced by ozone depletion (“ozone hole”) (Thompson and 
Solomon 2002; Gillett and Thompson 2003; Thompson et al. 2011). The springtime ozone 
depletion induced by the emission of ozone-depleting substances cooled the polar stratosphere and 
thereby strengthened the polar vortex, followed by the phase shift of the summertime SAM in the 
troposphere to its positive polarity (Figure 1.5). It has been pointed out that the main driver of the 
summertime surface climate trends in the SH was the SAM trend induced by the stratospheric 
ozone depletion (Polvani et al. 2011). The climatic trends include surface cooling over Antarctica, 
and warming in the Antarctica Peninsula, southern Africa and most of the midlatitude/subtropical 
Southern Ocean, as well as increased precipitation in southeastern Australia (Thompson et al. 2011). 
Although the mechanisms and factors controlling the transmission of the high-latitude stratospheric 
signal into the troposphere still remain highly controversial (Haynes 2005; Garfinkel et al. 2013), 
there is an indication that downward influence through the SAM requires feedback forcing from 
tropospheric eddies, including migratory extratropical cyclones and anticyclones (Kushner and 
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Polvani 2004; Garfinkel et al. 2013). Deepening the understanding of the climate trend requires the 
sufficient understanding of in the factors that determines the meridional structure of SAM. 
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Figure 1.4. Trend in (a) geopotential height at 850 hPa and (b) zonal wind at 925hPa over the midlatitude SH observed 
during the last 21 years of the 20th century (1979/80-2000/01). The dashed line in (b) indicates the axial latitude of the 
climatological westerlies. Gray shades indicate the data-void regions. 
 
 
 
Figure 1.5. Seasonal march in (a) Ozone depletion ratio [%] of the 14yr-mean ozone concentration (1995-2009 except 
for 2002) from the other 14yr-mean (1966-1979) observed over Syowa station (69° S, 40° E). Adapted from Thompson 
et al. (2011). (b). Linear trends in station temperature (1969 –98) and (c) observed geopotential height. Trends 
exceeding a unit standard deviation of the natural variability in monthly mean data are shaded. Adapted from Thompson 
and Solomon (2002). 
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1.3. Advances in understanding of the climatological-mean stormtracks and 
zonal-mean circulation  
 
a) Recent recognition of the importance of midlatitude oceanic frontal zones 
 As discussed in sections 1.1 and 1.2, the understanding of the annular mode is important for 
understanding not only the dominant natural climate variability but also anthropogenically induced 
the long-term climatic trends. Observations and modeling studies have shown that feedbacks 
between the westerlies and transient eddies are of critical importance for the maintenance of the 
SAM-associated deviations from the mean state (e.g., Lorenz and Hartmann 2001). Therefore, 
dynamical understanding of the annular mode cannot be separated from that of the climatological 
mean state. Nevertheless, the understanding of the mean state, including the latitude of a stormtrack 
– a region of recurrent development of migratory cyclones and anticyclones – and the associated 
eddy-driven PFJ was not necessary sufficient until recently, as the role of midlatitude ocean has 
been overlooked.  
      In the troposphere, two types of prominent westerly jets are observed, as evident in the SH 
zonal-mean circulation (Figure 1.6). One is STJ, whose distinct core is located at the tropopause 
level on the poleward flank of the Hadley Cell. Poleward motions along the upper branch of the 
Hadley Cell drive the STJ under the angular momentum conservation (Held and Hou 1980). 
Observed STJ is much stronger in the winter hemisphere than in the summer hemisphere. 
Equatorward motions in the lower branch of the Hadley Cell accompany the surface easterlies 
(Trades), into which the solid earth or the ocean supplies eastward angular momentum through 
friction. The STJ tends to be confined into the upper troposphere, and underneath at the surface the 
axis of the subtropical high-pressure belt tends to be situated in corresponding to downward 
motions of the Hadley Cell (Nakamura and Shimpo 2004).  
      The other westerly jet forms in midlatitudes, which is referred to as PFJ or subpolar jet. 
Unlike STJ, PFJ is driven and maintained by transient eddy heat and momentum fluxes (Palmén and 
Newton 1969). The formation of the upper-tropospheric PFJ core is through westerly momentum 
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transport mainly from STJ by synoptic-scale eddies whose activity propagates from midlatitudes 
into the subtropics. At the same time, poleward eddy heat flux acts to transport westerly momentum 
downward to form the surface westerlies for reducing the westerly shear under the constraint of the 
thermal wind balance (Lau and Holopainen 1984). The PFJ thus has deep structure, and the 
associated surface westerlies are giving up eastward angular momentum to the solid earth or the 
ocean through friction. An outstanding question is what determines the latitude of the eddy-driven 
PFJ. To answer this question, one thus needs to understand what determines the stormtrack latitude.  
      Transient eddies or synoptic-scale migratory cyclones and anticyclones, whose activity is 
organized into a stormtrack, can develop most efficiently along a region with high baroclinicity 
(e.g., Nakamura et al. 2004), consistent with the linear wave theory of baroclinic instability 
(Charney 1947; Eady 1949). The baroclinicity is proportional to the meridional temperature 
gradient, equivalent to the westerly wind vertical shear. Lee and Kim (2003) and Son and Lee 
(2005) have pointed out through their numerical experiments that the baroclinic zone under the STJ 
core is important for the formation of a stormtrack. However, the baroclinic eddy growth along the 
STJ is not often observed in the real atmosphere, the STJ core can acts as a well-defined waveguide 
for propagating eddies (Nakamura and Sampe 2002; Nakamura and Shimpo 2004). Meanwhile, 
Robinson (2006) showed through a set of two-layer numerical experiments that a stormtrack and 
PFJ in the model act to maintain themselves only when the equator-pole difference in a prescribed 
reference profile of radiative-equilibrium temperature toward which instantaneous temperatures are 
restored exceeds a certain threshold value. Their result suggests that a stormtrack and PFJ can be 
self-maintained without any influence of the lower boundary.  
      Nevertheless, the linear baroclinic instability theory (Charney 1947; Eady 1949) suggests 
the vital importance of an eastward-propagating surface “thermal Rossby wave” associated with 
background meridional SAT gradient for the development of a baroclinic disturbance. The 
particular importance in a more realistic situation of cyclogenesis was discussed further in Hoskins 
et al. (1985) (Figure. 1.7). Indeed, Sanders and Gyakum (1980) pointed out that the rapid growth 
baroclinic waves tend to be observed near oceanic fronts with sharp SST gradient in the NH ocean 
Chapter 1. 
 
 
12 
basins. Likewise, Sinclair (1995) pointed out that surface cyclogenesis over the SH occurs most 
frequently near an oceanic frontal zone in the southwestern Indian Ocean. Previous numerical 
studies have nonetheless overlooked the significance of a surface baroclinic zone. For example, Lee 
and Kim (2003) described their model experiment without referring to the surface temperature 
profile prescribed as the lower-boundary condition. In addition, after reviewing a number of AGCM 
experiments, Kushnir et al. (2002) concluded that the atmospheric response to the observed 
large-scale midlatitude SST anomalies is not systematic, emphasizing passive characteristics of the 
midlatitude ocean to the atmospheric variability. 
    However, recent studies by Nakamura and Shimpo (2004) and Nakamura et al. (2004) pointed 
out the observed latitudinal correspondence of the lower-tropospheric stormtracks and the 
underlying oceanic frontal zones over the two hemispheres (Figures 1.8a-b). In each of the ocean 
basins, a surface baroclinic zone with sharp SAT gradient forms along an oceanic frontal zone. 
Driven by the eddy heat and momentum fluxes associated with transient eddies along a stormtrack, 
the observed PFJ tend to be situated slightly poleward of SST front (Nakamura et al. 2004). The 
observed association among a stormtrack, PFJ, and oceanic frontal zone is particularly evident in 
the South Indian Ocean (Figures 1.8a, c), where the cool Antarctic Circumpolar Current and the 
warm Agulhas Return Current are confluent to form the core region of the oceanic frontal zone in 
the SH (Sinclair 1995; Nakamura and Shimpo 2004). The cores of the SH stormtrack and PFJ are 
anchored by the sharp SST gradient and recurrent development of cyclones leads to the formation 
of a well-defined rainband (Figure 1.8d; Nakamura et al. 2008). 
      As an extension of the conventional models by Palmén and Newton (1969) and by Lee and 
Kim (2003), Nakamura et al. (2004) postulated a new conceptual model of the tropospheric general 
circulation (Figure 1.9), where they argue the necessity for taking a midlatitude oceanic frontal zone 
into account to understand the latitudes of a stormtrack and PFJ. The wind-stress curl exerted by the 
PFJ-associated surface westerlies acts in turn to drive the western boundary currents (Hoskins and 
Valdes 1990), whose thermal advections contribute to the maintenance of the frontal SST gradient 
(Nakamura et al. 2004).
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Figure 1.6.  Latitude-height section showing the annual-mean zonal-mean zonal wind derived by NCEP-NCAR 
reanalysis data (1978-1997) in the Southern Hemisphere. Adapted from Lorenz and Hartmann (2001). 
 
 
Figure 1.7. A schematic picture showing cyclogenesis through the coupling development between the anomalous 
potential volticity (PV) propagating near the tropopause and the anomalous temperature at the surface. Circulation 
anomaly induced by the upper-level PV (thin black arrows at the bottom of both figures) induces the thermal advection 
and thereby temperature anomaly (plus sign in (b)). It in turn induces anomalous circulation near the tropopause and 
thereby volticity advections near the tropopause (thin white arrow in (b)), which amplifies the upper level PV anomaly. 
Such a feedback process is important for the amplification of those anomalies. Adapted from Hoskins et al. (1985). 
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Figure 1.8. (a) The austral wintertime climatology (July–August) of 850-hPa poleward heat flux associated with 
subweekly disturbances in the SH (heavy lines for 4, 8, 12 and 16 K•m/s). Oceanic frontal zones are indicated by light 
and heavy stippling, where meridional SST gradient [°C/110 km] is 0.6~1.2 and above 1.2, respectively (with thin lines 
for every 0.6). (b) As in (a) but for the boreal winter (January-February) in the NH (heavy lines for every 4 K•m/s). 
Dark shading indicates data-void regions. (c) Climatological July section of meridional [m2/s2] and vertical [Pa•m/s2] 
components of the extended E-P flux (Trenberth 1986), and zonal-mean zonal wind averaged for the South Indian 
Ocean (50°~90°E), based on the NCEP reanalysis. Adapted from Nakamura et al. 2004. (d). Climatology of the 
satellite-measured SST (OI-SST) [°C] and precipitation (AMSR-E) (mm/day; shade) over the South Indian Ocean for 
austral winter (June-August). Adapted from Nakamura et al. (2008). 
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Figure 1.9. Schematics of tropospheric general circulation over an ocean basin with an SST front at 45°, denoted as a 
subarctic frontal zone (SAFZ). The main storm track (thick dashed line) is formed over a surface baroclinic zone 
(stippling), which is anchored by the SST front. Wave-activity dispersion to the STJ (wavy arrow) leads to form a deep 
polar-front jet (PFJ) above the SAFZ. Eddy downward transport of the mean-flow westerly momentum (open arrow) 
associated with the poleward eddy heat flux (stippled arrow) maintains a surface westerly jet (circled W) along the 
SAFZ. Adapted from Nakamura et al. (2004). 
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b) Understanding of the tropospheric general circulation through aqua-planet experiments  
      The new conceptual model postulated by Nakamura et al. (2004) describes the fundamental 
picture of the tropospheric general circulation that would be realized even without landmass. The 
tropospheric circulation observed in the SH may be interpreted in this simple framework with slight 
modifications for the individual ocean basins (Nakamura et al. 2004). For the SH, the essential 
importance of the midlatitude SST gradient for the atmospheric circulation can be assessed through 
“aqua-planet” AGCM experiments where all the landmass and sea-ice are removed from the model 
lower-boundary and, in many cases, zonally uniform SST is prescribed. This idealized “aqua-planet” 
setting suppresses planetary waves forced by land-sea thermal contrasts and topography, while 
retaining synoptic-scale eddies and eddy-driven PFJ. Although any quantitative reproduction of the 
observed atmosphere is of course impossible under the idealized aqua-planet setting, the experiment 
nevertheless allows us to extract the essential features of the atmospheric general circulation and the 
active role of the ocean to the atmosphere. 
     To warrant the applicability of the aqua-planet setting to the real atmosphere, meticulous care 
should be taken in preparing the meridional SST profile, especially in the Tropics and subtropics. In 
aqua-planet experiments by Brayshaw et al. (2008) and Chen et al. (2010), for example, they adopt 
SST profiles with modest meridional gradients entirely over the extratropics and modify them in 
changing tropical/subtropical SST simultaneously with midlatitude SST (Figure 1.10). It is obvious 
that these modifications directly affect the Hadley Cell and associated STJ and indirectly the 
midlatitude stormtrack and eddy-driven PFJ (Lee and Kim 2003). Although their studies imply the 
significance of midlatitude oceanic frontal zones, they fail to extract it unambiguously from the 
impacts of the tropical SST.  
      To overcome this particular deficiency, Nakamura et al. (2008) utilized an alternative set of 
aqua-planet experiments using a well thought-out set of SST profiles (black lines in Figure 1.11).  
In their control experiment, the climatological SST profiles observed over the South Indian Ocean 
(60~80°E) for austral summer (Dec.-Feb.) and winter (Jun.-Aug.) are prescribed in the model NH 
and SH, respectively. The profile is characterized by a steep SST gradient associated with an 
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oceanic front, which is located at 45°S throughout the year in both hemispheres. To extract the 
significance of an SST front, they modified the profile only in the extratropics to smooth out the 
frontal SST gradient (green lines in Figure 1.11). In this modification, tropical SST is unchanged 
from their control experiment so as to avoid any direct impacts on the Hadley Cell and STJ, which 
allowing us to extract only the impacts of the midlatitude SST front on the stormtrack and PFJ. 
They revealed the crucial importance of the oceanic frontal zones for energizing and anchoring the 
transient eddies along the SST front and strengthening the eddy-driven PFJ at the poleward flank of 
the front as actually observed (Figures 1.12a, c). They pointed out the importance of the meridional 
contrast in the turbulent sensible heat supply from the ocean for the recurrent development of the 
transient eddies through maintaining the near surface baroclinicity (Figure 1.12b), referring the 
mechanism as “oceanic baroclinic adjustment”. The importance of the sensible heat supply for 
anchoring a stormtrack was also verified in a more sophisticated high-resolution coupled GCM 
(Nonaka et al. 2009) and a high-resolution regional atmospheric model (Taguchi et al. 2009). 
Sampe et al. (2010) further studied the mechanism through an extensive investigation of the 
aqua-planet AGCM experiments by Nakamura et al. (2008). They showed that the differential heat 
supply from the ocean across the front effectively restores the near-surface baroclinicity against the 
relaxing effect by the poleward heat flux by transient eddies, leading to the recurrent development 
of the transient eddies along the front (Figure 1.13). The critical importance of the sensible heat 
supply for the efficient restoration of surface baroclinicity observed along the stormtracks has been 
verified through a numerical study by Hotta and Nakamura (2011). 
     Recent studies investigated the importance of the latitude of an oceanic front for the transient 
eddy activity and midlatitude westerlies. Deremble et al. (2012) used a three-level quasi-geostrophic 
model to suggest the considerable dependence of the latitude of eddy-driven PFJ to the latitude of 
prescribed SST front. Their estimation of the surface sensible heat flux was, however, too crude to 
validate how the oceanic baroclinic adjustment is operative in their experiments. Furthermore, the 
quasi-geostrophic model without considering the spherical geometry failed to simulate a realistic 
STJ. These deficiencies have been overcome in aqua-planet AGCM experiments by Ogawa et al. 
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(2012), in which the observed SST profile virtually identical to that in Nakamura et al. (2008) was 
prescribed as the model boundary condition. In their sensitivity experiments, they shifted the SST 
front meridionally by keeping not only its width and strength but also the tropical SST unchanged 
(Figure 1.14), to extract the impacts of SST front separated from the change in the Hadley Cell and 
STJ. With this experimental design, assessment of the importance of the SST frontal latitude for the 
climatological mean state of the stormtrack and PFJ became possible for the first time. Ogawa et al. 
(2012) found the climatological-mean near-surface baroclinicity (red lines in Figures 1.15a-b) and 
lower-tropospheric stormtrack (green lines of Fig.1.15a-b) to be particularly sensitive to the latitude 
of the SST front in both hemispheres. Strong meridional gradient of the surface sensible heat flux 
acts to maintain the near surface baroclinic zone along the SST front, showing that the oceanic 
baroclinic adjustment operative around the SST front (Figures 1.15e-f). Interestingly, however, the 
feedback forcing by transient eddies cannot necessary drive the PFJ near the SST front in all of the 
experiments (Figures 1.15c-d). Specifically, in case of the subpolar SST front, PFJ tends to form far 
away from the front at the latitude that corresponds to the PFJ axis that would be realized in the 
non-front experiment by Nakamura et al. (2008). This is suggestive of the dominance of 
atmospheric internal dynamics as postulated by Robinson (2006) in the climatological mean state in 
case of a subpolar SST front. However, the interpretation for the weakening of the sensitivity of the 
climatological mean axial latitude of PFJ to the SST front was not fully addressed. Furthermore, the 
differences in the impacts of SST front on the atmosphere between the winter and the summer 
hemispheres were not fully understood, either.  
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Figure 1.10.  (a) SST profile and (b) SST gradient prescribed in Brayshaw et al. (2008). 
Figure 1.11.  (a) SST profile and (b) SST gradient prescribed in Nakamura et al. (2008). 
 
Figure 1.12.  Climatological mean meridional profiles of zonal-mean (a) poleward eddy heat flux at 850hPa associated 
with subweekly disturbances, (b) upward turbulent sensible heat flux (positive: upward) (c) zonal wind velocity at 
925hPa (positive: westerly) with (solid, CTL) and without (dotted, NF) SST front (triangle) for the summer (red) and 
winter (blue) hemispheres. Adapted from Nakamura et al. 2008. 
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Figure 1.13. Schematic diagrams showing the oceanic baroclinic adjustment, the restoration of near-surface 
baroclinicity anchored by an oceanic front through surface sensible heat flux from the ocean against the relaxation by 
horizontal eddy heat transport. (a) An oceanic front forms a strong SAT gradient (solid line) which induces rapid 
baroclinic eddy growth. (b) SAT gradient is relaxed by poleward eddy heat flux and then restored by turbulent sensible 
heat flux at the surface corresponding to the air–sea temperature difference. Adapted from Sampe et al. (2010). 
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Figure 1.14. (a) SST profile and (b) SST gradient prescribed in Ogawa et al. (2012). 
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Figure 1.15. (a) Diagram showing the climatological-mean latitudes (ordinate) of zonally averaged maximum 
baroclinicity (red) and poleward heat flux (green) for the winter hemisphere as function of the frontal latitude (abscissa; 
also dotted line). (b) As in (a), but for the summer hemisphere. (c) As in (a), but for the latitudes of maximum zonal 
wind (blue) and eddy westerly acceleration (orange) derived from the E-P flux divergence (Edmon et al. 1980), both at 
the 925 hPa level. Gray dashed line indicates the maximum of zonal wind as 925-hPa simulated in the NF experiment 
by Nakamura et al. [2008] with SST profile with no frontal gradient. (d) As in (c), but for the summer hemisphere. 
Adapted from Ogawa et al. (2012). (e) Meridional profiles of the mean states of the meridional gradient of turbulent 
upward sensible heat flux from the surface in the winter hemisphere. (f) As in (e), but for the summer hemisphere.
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1.4.  Potential importance of oceanic frontal zones for the annular mode 
 
      Nakamura et al. (2008) pointed out through their aqua-planet AGCM experiments that the 
significant changes in transient eddy activity and PFJ between the midlatitude SST profiles with and 
without the frontal SST gradient might affect the behavior of the annular mode. In fact, Sampe et al. 
(2013) demonstrated through extensive analysis of the aqua planet experiments by Nakamura et al 
(2008) that the meridional structure and amplitude of the annular mode simulated in the presence of 
SST front is similar to what is observed whereas the amplitude is reduced by nearly 50% and the 
meridional structure is considerably distorted by the removal of frontal SST gradient in midlatitudes 
(Figure 1.16). These previous studies suggest the necessity to consider a midlatitude oceanic frontal 
zone in understanding not only the climatological-mean state of PFJ but also the annular mode 
variability. While the climatological significance of the stormtrack and PFJ has been pointed out by 
several studies (e.g., Ogawa et al. 2012), no study has demonstrated the dependence of the annular 
mode to the latitude of SST front. The influence of oceanic frontal zones on the tropospheric 
annular mode may exert significant impacts on the vertical coupling of the annular mode with the 
stratospheric variability, but no study has addressed the problem yet, either. 
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Figure 1.16. Zonal-mean zonal wind anomaly [m/s] at the (a,b) 250-hPa and (c,d) 925-hPa levels associated with the 
annular mode in a set of aqua-planet experiments for (a, c) the summer hemisphere and (b, d) the winter hemisphere. 
Solid (dashed) lines are for the experiment in the presence (absence) of the SST front. Small circles and triangles are 
plotted for a correlation greater than 0.5. Filled and open large triangles on the upper fringe of the upper panels indicate 
the axial latitudes of the climatological-mean storm track at 250-hPa in the presence (absence) of the SST front. 
Adapted from Sampe et al. (2013). 
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1.5. Purpose of this study 
 
      Recent studies have suggested the importance of the midlatitude oceanic frontal zones for 
the annular mode variability (Nakamura et al. 2008; Sampe et al. 2013), whereas the annular mode 
signature may be sensitive to the climatological-mean state of the westerly (Eichelberger and 
Hartmann 2007), whose sensitivity to the latitude of the oceanic frontal zone has been pointed out 
(Ogawa et al. 2012). That suggests the necessity of considering the latitude of SST front to 
understand the annular mode dynamics. The first aim of this study is therefore to investigate the 
dependence of the annular mode characteristics to the latitude of SST front. As in the previous 
studies, we utilize aqua-planet AGCM experiments to address this issue, which enables us to extract 
the essential features of the stormtrack and PFJ by suppressing planetary waves. In spite of its 
simplicity, the results may help the understanding of the real atmosphere in the SH (Sampe et al. 
2013). Understanding the dependency of the annular mode on the latitude of SST front should help 
us understand the counterintuitive climatological dependency of the PFJ latitude discussed in 
Ogawa et al. (2012). The second aim of this study is to investigate another important aspect, the 
overlooked significance of the midlatitude oceanic frontal zone in activating 
stratosphere-troposphere dynamical coupling. As a relevant example of the vertical coupling 
through the annular mode, surface climatic trends induced in the SH during the late 20th century by 
the stratospheric ozone depletion are targeted in this study. While the advance in understanding of 
the SAM and its vertical coupling has contributed to deepening the understanding of the 
ozone-induced trends observed in the summertime SH, the potential importance of the SST front for 
the trends has not been addressed yet.  
      This dissertation is structured as follows. In chapter 2, the dependence of the annular mode 
on the latitude of SST front will be discussed, where the importance of the turbulent sensible heat 
supply will be addressed. In chapter 3, the impacts of SST front on the climatic trend induced by 
stratospheric ozone hole are discussed, where the importance of the SST front for the vertical 
coupling of the annular mode will be addressed. Discussions and concluding remarks are given in 
Chapter 1. 
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chapter 4, where the comprehensive understanding of the impact of SST front on the annular mode 
will be discussed, including their seasonal dependence. 
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Chapter 2. Importance of midlatitude oceanic frontal zones 
for regime-like behavior of the wintertime annular mode 
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Chapter 3. Importance of midlatitude oceanic frontal zones 
for ozone-induced climatic trends in austral summer 
 
 
  
	  
 
Chapter 4. 
 
 
119 
 
Chapter 4.  Discussions and Conclusions 
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